The hypersensitive response (HR) was induced in a wild-type Arabidopsis thaliana plant (Columbia) (Col-wt) by inoculation with Alternaria brassicicola that causes the development of small brown necrotic lesions on the leaves. By contrast, pad3-1 mutants challenged with A. brassicicola produced spreading lesions. The cell death in pad3-1 mutants could not inhibit the pathogen growth and development, although both production of H 2 O 2 and localized cell death were similar in Col-wt and pad3-1 plants after the inoculation. The difference between Col-wt and pad3-1 plants is defense responses after the occurrence of cell death. In other words, PAD3 is necessary for defense response to A. brassicicola. Therefore, we examined the changes in the expression patterns of ca. 7,000 genes by cDNA microarray analysis after inoculation with A. brassicicola. The cDNA microarrays were also done to analyze Arabidopsis responses after treatment with signal molecules, reactive oxygen species (ROS)-inducing compounds and UV-C. The results suggested that the pad3-1 mutation altered not only the accumulation of camalexin but also the timing of expression of many defense-related genes in response to the challenge with A. brassicicola. Furthermore, the plants integrate two or more signals that act together for promoting the induction of multiple defense pathways.
Introduction
Plants are constantly challenged by infectious pathogens such as fungi, bacteria, and viruses but only a few pathogens actually damage the plant. Plant diseases rarely occur because plants have developed sophisticated defense mechanisms against these pathogens. Many plants defend themselves against fungi and other microbial pathogens by inducing both localized and systemic resistant responses. The defense responses include suicide of the attacked host cell that is called hypersensitive response (HR) (Morel and Dangl 1997) , phytoalexin formation (Bailey and Mansfield 1982) , the production of other antimicrobial secondary metabolites and pathogenesisrelated proteins (PR-proteins) (Linthorst 1991 , Van Loon 1985 , many of which exert antimicrobial properties, and crosslinking of cell wall proteins (Bradley et al. 1992) . The effect of the defense responses often determines whether plants are susceptible to infection by pathogens.
Plant disease responses consist of HR and general resistance. The former is determined by the matched specificity between the R-gene in the plant and the avirulent (avr) gene of the pathogen (Flor 1947) . Subsequent to the recognition, signal transduction pathways are engaged in host cells. Both generation of reactive oxygen species (ROS) and changes in ion fluxes are observed during the early phases of many plantpathogen interactions Orlandi 1995, Atkinson and Baker 1989) . The signals elicit the challenged cells to rapidly collapse and a battery of inducible defenses is deployed in both the challenged cells and surrounding cells (Lamb et al. 1989 ). The latter is suggested to be induced by the recognition of a non-specific elicitor (Morel and Dangl 1997) . Multiple signals produced in the general resistance pathway may activate defense genes such as PR and defense products such as phytoalexins (Linthorst 1991 , Smith 1996 . On the other hand, longdistance signals are initiated simultaneously at the infection sites, which cause the induction of specific PR-proteins in uninfected parts of the plant (Ryals et al. 1996) . Signaling mol-ecules, including salicylic acid (SA), jasmonic acid (JA), ethylene (ET) and ROS are involved in the induction and coordination of the induced systemic resistance (Ryals et al. 1996, Hammond-Kosack and Jones 1996) . By contrast, the attack by virulent microbes does not elicit a rapid localized HR cell death, the induction of defense responses is often substantially delayed, and disease ensues.
ROS play critical roles in defense responses during plantpathogen interaction (Lamb and Dixon 1997) . There are some lines of evidence for the direct antimicrobial effect of ROS and for the indirect role of ROS as messengers for activating defense response genes. Additionally, massive ROS accumulation can trigger a localized HR, a form of programmed cell death (HR cell death), which results in the limitation and blocking of pathogen development (Levine et al. 1994) . SA accumulates in plant tissue in response to a pathogenic attack and is essential for the induction of systemic acquired resistance (SAR) as well as being required for some R-genemediated responses, at least in Arabidopsis and tobacco (Gaffney et al. 1993 , Delaney et al. 1994 , Mur et al. 1997 ). In addition, JA and ET also play important roles as signal molecules mediating disease resistance, especially in the response to necrotrophic fungal pathogens, such as Alternaria brassicicola (Penninckx et al. 1996 , Dong 1998 , Reymond and Farmer 1998 , Glazebrook 1999 , Lam et al. 1999 , Pieterse and van Loon 1999 . Both JA and ET are formed when plants are wounded or attacked by a pest or pathogen (Creelman et al. 1992 , O'Donnell et al. 1996 , Kuc 1997 . A possible mechanism for JA/ET-dependent defense responses functions through their synergistic interaction in the induction of many defense-related genes, such as PDF1.2 and PR5 (Xu et al. 1994 . JA and ET usually cooperate synergistically in the activation of wound-related defense responses, but some JA responses are antagonized by ET (Rojo et al. 1999 , Norman-Setterblad et al. 2000 . In addition, most of the JA/ET-dependent defense responses previously analyzed are independent of SA (Penninckx et al. 1996 , Dong 1998 , Reymond and Farmer 1998 , Glazebrook 1999 , Lam et al. 1999 , Pieterse and van Loon 1999 . Furthermore, recent results suggest that a balance between ROS, JA, ET, SA, and nitric oxide produced early in the plant resistance responses is required for HR to be fully expressed (Delledonne et al. 1998 , Delledonne et al. 2001 , Klessig et al. 2000 , Schenk et al. 2000 .
Crosstalk in the defense pathways mediated by SA, JA, ET, ROS, and pathogens has been proposed (Penninckx et al. 1996 . However, the analyses of signaling processes and the interactions in plants have traditionally focused on only one gene or a few genes (Alonso et al. 1999) . It is not possible to assess the extent of overlap of gene activation by different signals and pathogens in the defense responses by such studies. Recently, microarray technology has become available for the analysis of genome-scale gene expression (Schena et al. 1995 , Eisen and Brown 1999 , Reymond et al. 2000 , Maleck et al. 2000 , Desikan et al. 2001 , Seki et al. 2001 , Seki et al. 2002 , Chen et al. 2002 , Scheideler et al. 2002 . The cDNA microarray analysis is not only a method for systematic and quantitative analyses of gene expression but also an extremely powerful tool for analyzing various signaling cascades in plant physiology. This method can provide new markers for processes involved in stress responses, signal transduction, and pathogen attack. This method can also extend our overall understanding of the molecular basis of plant defense responses.
The wild-type Arabidopsis plant (Columbia) inoculated with the fungus A. brassicicola develops small brown necrotic lesions compatible with HR induction , Thomma et al. 1999b . By contrast, the pad3-1 mutant (Glazebrook and Ausubel 1994) develops lesions that are heavily colonized by fungal hyphae when challenged with A. brassicicola , Thomma et al. 1999b ). The pad3-1 gene encodes a putative cytochrome P450 monooxygenase (Zhou et al. 1999) . In the present study, we examined the expression patterns of ca. 7,000 genes by cDNA microarray analysis in Col-wt and pad3-1 plants after the inoculation with a fungal pathogen A. brassicicola, respectively. cDNA microarrays were also done to analyze Arabidopsis responses after treatment with signal molecules (SA, JA and ET), ROS-inducing compounds (paraquat and rose bengal) and UV-C, which causes cell death (Green and Fluhr 1995) . The results demonstrated that plants integrate two or more signals that act together for promoting the induction of multiple defense pathways.
Results
Host responses of wild-type and pad3-1 Arabidopsis plants to inoculation with A. brassicicola When challenged with the fungus A. brassicicola, the inoculated Col-wt Arabidopsis plants developed small brown necrotic lesions that spread from the inoculation site at the early stage of inoculation and then were restricted in development at a later stage (Fig. 1A, B) . A hypothetical R-gene product for the specific elicitor might mediate the resistance to A. brassicicola in leaves of Col-wt showing HR cell death at the points of attempted pathogen penetration 15-24 h postinoculation (hpi). During this time, HR cell death appeared to be spreading in Col-wt as visualized by the enlargement of trypan blue-stained zones in the vicinity of the infection site. However, the lesions stopped spreading within 2-3 d postinoculation (dpi). The pad3-1 mutant is defective in the production of the indole-type phytoalexin, camalexin (Glazebrook and Ausubel 1994) . In this mutant inoculated with spores of A. brassicicola, cell death spread from the inoculation site on the leaf at 15-24 hpi as in the Col-wt plant (Fig. 1B) . However, at 48 hpi, the infection hyphae in pad3-1 mutant had spread from the site of inoculation. HR cell death in Col-wt plants was distinguished from lesion in pad3-1 mutants at 48 hpi (Fig. 1A, B) . The mutant was clearly more susceptible than Col-wt (Thomma et al. 1999b ).
ROS accumulation
An oxidative burst giving rise to local ROS accumulation is an early event associated with HR in plants ( ThordalChristensen et al. 1997) . We examined the production of ROS in Col-wt and pad3-1 plants at the site of pathogen penetration to determine whether ROS accumulation is involved in the formation of HR cell death.
Col-wt plants generated high levels of H 2 O 2 after the challenge with A. brassicicola and then showed localized HR cell death, which inhibited fungal spread (Fig. 1B, C) . The pad3-1 mutants inoculated with A. brassicicola also generated H 2 O 2 like the Col-wt plants, and developed HR-like cell death at 24 hpi. However, the fungus had spread from the site of inoculation at 48 hpi in pad3-1 mutants (Fig. 1B) . The areas of ROS accumulation from the site of inoculation in Col-wt and pad3-1 plants spread at 48 hpi, following the development of infection hyphae (Fig. 1C) .
cDNA microarray analysis
We examined the transcripts that showed changes among the ca. 7,000 Arabidopsis full-length cDNAs during infection with compatible or incompatible strains. To assess the reproducibility of the microarray analysis, we did repeated experiments three times with independent microarray slides from the same biological sample. To compare the data of various microarray experiments, we used the plant materials grown in the same conditions (at 22°C, under a 16 h-light/8 h-dark cycle, light period is from 5 a.m. to 9 p.m.) and started various stress treatments at almost the same time (starting time is 9 a.m. to 10 a.m.). Hybridization of different microarrays with the same mRNA samples showed a good correlation. We also performed independent cDNA microarrays from the different biological samples at one time point (at 24 h), with infected and uninfected control. In the results, the hybridization of the microarrays with different biological samples also showed a good correlation. Therefore, we regarded these data as correct and reproducible. (A list and expression data on these abiotic stress-or pathogen-inducible genes identified are available as Supplementary Data.) In this study, we regarded the cDNAs with expression ratios (signal molecule treated/untreated, stressed/unstressed or pathogen-infected/uninfected) greater than three times that of the lambda control template DNA fragment at least at one time point as signal molecule-inducible, stress-inducible or pathogen-inducible genes (Seki et al. 2001 , Seki et al. 2002 . The Col-wt and pad3-1 plants were inoculated with a fungus, A. brassicicola, and treated with signal molecules (SA, JA and ET), ROS-inducing compounds (paraquat and rose bengal) or UV-C, which causes cell death (Green and Fluhr 1995) . Paraquat and rose bengal are known to cause the formation of superoxide anion and singlet oxygen, respectively (Bowler et al. 1992, Green and Fluhr 1995) , and hence to produce oxidative stress in plant cells. Total RNA was isolated 5, 10, 24 and 48 h after fungal inoculation, 2, 5, 10 and 24 h after other treatments, and 2, 5, 10, 24, and 48 h after distilled water treatments (controls). After inoculation with A. brassicicola, the transcript levels of 689 genes increased in Col-wt plants, and that of 191 genes increased in the pad3-1 mutants ( Fig. 2A ). The expression of 146 genes were com- monly induced by the inoculation with A. brassicicola in Col-wt and pad3-1 plants. In addition, we identified 432 SAinducible genes, 333 JA-inducible genes and 673 ET-inducible genes by ca. 7,000 Arabidopsis full-length cDNA microarray analysis. Furthermore, we identified 280 UV-C inducible genes, 286 paraquat-inducible genes and 149 rose bengalinducible genes. In the control experiment, 139 and 726 genes were up-regulated by the distilled water-spraying and distilled water-soaking treatments, respectively. Table 1 shows that 689 genes, which were induced by the inoculation with A. brassicicola in Col-wt plants, were also expressed by treatments with various signal molecules and stressor. It is known that the SAand JA-pathways appear to be antagonistic (Seo et al. 1997 , Shah et al. 1999 , Rao et al. 2000 but the JA-and ET-pathways appear to be synergistically . Among the 689 genes induced by inoculation with A. brassicicola in Colwt, 239, 166 and 334 genes were co-induced by SA-, JA-and ET-treatments, respectively (Table 1) . Expression of 101, 140 and 149 genes was co-induced by SA-and JA-, JA-and ET-, ET-and SA-treatments, respectively. Furthermore, expression of 84 genes was co-induced by all of SA-, JA-and ET-treatments. On the other hand, we regarded the cDNAs as the down-regulated genes whose expression levels were less than one-third-fold at least in one time point in the inoculated plant than in the control plant, and signal values of control were greater than 4,000 (Fig. 2B) . The 23 genes were identified as down-regulated genes by the inoculation with A. brassicicola in Col-wt plants. By contrast, 273 genes were down-regulated by the inoculation with A. brassicicola in pad3-1 mutants. Twenty genes were commonly down-regulated in Col-wt and pad3-1 plants after the challenge with A. brassicicola.
Control and pathogen treatments are represented on the x and y axes, respectively (Fig. 3) . Shifts above the diagonal represent up-regulation of a given transcript, whereas shifts below the diagonal represent down-regulation. The shifts above the diagonal dramatically increased in Col-wt plants at 24 hpi. By contrast, the shifts below the diagonal increased in pad3-1 mutants at 48 hpi. In addition, the shifts changed from tight diagonal at 5 hpi to an ellipse at 48 hpi in pad3-1 mutants (Fig. 3) .
In Col-wt plants challenged with A. brassicicola, 689 genes showed increased expression. These genes were also induced by other stresses and signal molecule-treatments (Fig.  4A , Table 1 ). There was a gradual increase in mRNA with a peak at 24 hpi, and subsequent decrease. By contrast, in the (1) genes induced in Col-wt plants specifically by the inoculation with A. brassicicola, (2) genes induced in pad3-1 mutant specifically by the inoculation with A. brassicicola, (3) genes co-induced in Col-wt and pad3-1 plants by inoculation with A. brassicicola. The genes with expression ratios (pathogen-infected/uninfected) greater than three times that of the lambda control template DNA fragment and the signal value greater than 1,000 at least at one time point were regarded as pathogen infection-inducible genes. (B) The pathogen stress-downregulated genes identified were categorized into three groups: (1) genes down-regulated in Col-wt plants specifically by the inoculation with A. brassicicola, (2) genes down-regulated in pad3-1 mutants specifically by the inoculation with A. brassicicola, (3) genes co-downregulated in Col-wt and pad3-1 plants by inoculation with A. brassicicola. The genes were regarded as the down-regulated genes whose expression levels were less than one-third-fold at least in one time point in the inoculated plant than in the control plant, and the signal values of control were greater than 4000. Water-spray c pad3-1 mutants inoculated with A. brassicicola, 191 genes showed increased expression. The increase in mRNA showed a peak at 48 hpi, although there was a slight increase from 5 hpi to 24 hpi (Fig. 4B) . These genes were also induced by multiple treatments as in Col-wt (Fig. 4B) .
Classification of 734 pathogen-inducible genes identified by cDNA microarray analysis
We classified 734 genes induced by the inoculation with A. brassicicola into six groups (A, B, C, D, E and F) on the basis of the changes in the expression profile with the lapse of time ( Fig. 2A, 5 ). The A, B, C, D, E and F groups comprised 40, 57, 436, 13, 132 and 56 genes, respectively. The differentially expressed cDNAs were grouped into 14 functional classes according to MIPS (http://mips.gsf.de/proj/thal/db/ index.html); (1) Cell growth, cell division and DNA synthesis; (2) Cell rescue, defense, cell death and aging; (3) Cellular biogenesis (proteins are not localized to the corresponding organelle); (4) Cellular communication/signal transduction; (5) Cellular organization (proteins are not localized to the corresponding organelle); (6) Cellular transport and transport mechanisms; (7) Development; (8) Energy; (9) Metabolism; (10) Protein destination; (11) Protein synthesis; (12) Transcription; (13) Transport facilitation; and (14) Unclassified proteins. The expression profile of the group A genes showed a rapid but slight initial increase in mRNA with a peak at 5 hpi in both Col-wt and pad3-1 plants (Fig. 5A) . The group A gene products include lipase/hydrolase (RAFL07-15-C21) and germinlike protein (RAFL06-08-C15). However, most of the group A genes (60%) encode an unclassified protein or metabolismrelated protein. The expression profile of group B genes showed a rapid increase in mRNA with a peak at 10 hpi in both Col-wt and pad3-1 plants (Fig. 5B) . About 20% of the group B genes belong to the cell rescue, defense, cell death and aging group, and cellular communication/signal transduction group. The group B gene products include proteinase inhibitor II (RAFL05-08-E12), stress-inducible proteins (low temperature and salt responsive protein; RAFL05-03-J08, RAFL06-07-E01, RD19 and cold-regulated protein; RAFL05-20-N18) and regulatory proteins (myb-related transcription factor; RAFL05-15-F19, transcription factor-like protein; RAFL05-21-N20, putative mitogen activated protein kinase kinase; RAFL06-16-E12, putative ethylene responsive element binding protein (EREBP); RAFL09-15-K24, SNF1 related protein kinase-like protein; RAFL11-10-D21 and putative phospholipase; RAFL11-12-O09). The expression profile of the group C genes showed an increase in mRNA with a peak at 24 hpi in Col-wt, and a slight increase in mRNA after the inoculation in pad3-1 (Fig. 5C ). About 10% of the group C genes belong to the transcription group. The group C gene products include many transcription factors, probable DNA-binding protein (RAFL08-18-E03 and RAFL11-12-G10), GATA transcription factor 4 (RAFL03-07-K19) and WRKY3 (RAFL05-07-A18). The group D genes displayed a strong increase of expression after inoculation in Col- wt. In addition, they were strongly increased in pad3-1 at 24 hpi, and subsequently gradually increased or decreased from 24 hpi to 48 hpi (Fig. 5D ). Group D also included plant defense-related genes encoding such proteins as AIG2 (RAFL03-06-B14), putative endochitinase (RAFL04-12-G16), HEVEIN-like protein (RAFL04-16-I15), PDF1.2 (RAFL06-82-G15) and glutathione S-transferase (GST) (ERD11, RAFL03-05-I07). The expression profile of the group E genes showed an increase in mRNA with a peak at 24 hpi in Col-wt plants, and a gradual increase in mRNA in pad3-1 mutants (Fig. 5E ). Of the group E genes, 12.7% belong to the cellular communication/ signal transduction group. The group E gene products include polygalacturonase inhibiting protein (RAFL04-12-I04), receptor-like protein kinase (RAFL08-16-N03, RAFL04-09-P12), calmodulin-like protein (RAFL09-17-D19). The expression profile of the group F genes showed a gradual increase in mRNA with a peak at 48 hpi on Col-wt. In addition, the expression profile of genes on pad3-1 showed a weak increase in mRNA at 24 hpi, and subsequently a strong increase of them from 24 hpi to 48 hpi (Fig. 5F ). About 40% of the group F genes belong to the metabolism group. The group F products include cytochrome P450 (RAFL05-08-N24, RAFL08-19-C07, RAFL09-18-D09 and RAFL09-18-K24), lipoxygenase I (RAFL05-15-D12), similarity to berberine bridge enzyme (RAFL09-15-D03), reticuline oxidase homolog (RAFL09-07-M01 and RAFL08-19-A05) and peroxidase (RAFL04-20-P19, RAFL06-08-C18 and RAFL09-07-G15).
RNA blot analysis
cDNA microarray analysis is useful to extract data accurately with minimum effort. Previously we reported that the expression profiles of genes induced by drought and cold stresses using 1,300 and 7,000 full-length cDNA microarrays were compatible with those obtained by Northern blot analyses (Seki et al. 2001 , Seki et al. 2002 . In this study, we also performed Northern blot analysis. The genes selected for Northern blot analyses showed significant alteration in their expression after infection with the fungus. The results indicated that the expression data obtained by microarray and Northern blot analyses were consistent (Fig. 6 ).
Discussion
HR is manifested by the local triggering of a set of defense reactions and cell death (Staskawicz et al. 1995 , Bent 1996 , Dangl et al. 1996 , Hammond-Kosack and Jones 1996 . This localized plant cell death, around the infection site, may be responsible for halting pathogen growth. The oxidative burst plays an important role in HR. In several systems, NADPH oxidase has been proposed to be responsible for the generation of ROS, which produce O 2 -and subsequently H 2 O 2 , in the host in response to pathogens (Doke and Miura 1995) . We also examined the production of O 2 -at the site of pathogen penetration in Col-wt and pad3-1 plants to determine whether ROS accumulation participated in HR cell death. Col-wt generated high levels of O 2 -and then developed HR (cell death), after the challenge with A. brassicicola (data not shown). The O 2 -was produced in parallel to H 2 O 2 with the onset of HR (data not shown). Therefore, the accumulation of ROS is important for plant disease resistance especially HR in Col-wt plants.
On the other hand, the pad3-1 mutants also generated high levels of O 2 -and H 2 O 2 , and developed lesions. It has long been speculated that the cell death is directly responsible for limiting pathogen growth and development in HR. However, cell death during a susceptible interaction may be favorable for the growth and development of necrotrophic pathogens. In pad3-1 mutants inoculated with A. brassicicola, cell death could not inhibit pathogen growth and development, while HR (including cell death) was effective in preventing the pathogen from spreading in Col-wt plants. These results suggest that not only cell death but also other defense metabolism factors contribute to the manifestation of HR. HR may also cause the release of The genes with expression ratios (pathogen-infected/uninfected) of more than 3-fold and signal value greater than 1,000 were regarded as pathogen stress-inducible genes. SA, salicylic acid; JA, methyl jasmonate; ET, ethephon/ethylene; P, paraquat; R, rose bengal; UV, UV-C; W-sp, plants were sprayed with distilled water; W-sk, plants were soaked in distilled water. (14) Unclassified proteins. The genes with expression ratios (pathogen-infected/uninfected) greater than three times that of the lambda control template DNA fragment and signal value greater than 1,000 at least at one time point were regarded as pathogen infection-inducible genes. Geneclustering analysis was performed with Genespring (Silicon Genetics, San Carlos, CA, U.S.A.).
defense-related proteins and metabolites into the apoplasm where some fungal pathogens reside. These results suggest that the inoculation with A. brassicicola elicits HR in pad3-1 mutants as well as in Col-wt plants, but the fungus can develop in the mutants because cell death without antimicrobial compounds, such as phytoalexin, is a favorable environment for the necrotrophic fungus.
Generally, the microarray is a powerful tool for analyzing various signaling cascades in plant defense responses. In the pad3-1 mutant, a single nucleotide deletion causes a frameshift and early stop codon in the predicted open reading frame (Zhou et al. 1999 ). We performed cDNA microarray to reveal clear differences in the defense responses between Col-wt and pad3-1 plants. In the present study, microarray data showed that inoculation with A. brassicicola induced the expression of 734 genes in Col-wt and pad3-1 plants. Interestingly, most of the genes that were co-induced in Col-wt and pad3-1 plants inoculated with A. brassicicola, including 146 genes shown in Fig. 2A , were induced at early (before 10 hpi; Fig. 5A , B) and later stages (from 24 hpi to 48 hpi; Fig. 5E, F) . In addition, most of the 146 genes were also induced by ROS-inducing treatments (paraquat, rose bengal and/or UV). The cytological analyses showed that the defense responses after inoculation with A. brassicicola during recognition of the pathogen by plant cells to onset of both production of H 2 O 2 and localized cell death were similar in Col-wt and pad3-1 plants (Fig. 1) . On the other hand, ROS produced by the oxidative burst rapidly diffuse to activate the defense signal transduction pathway in HR. Levine et al. (1994) suggested that diffusible H 2 O 2 activates defense genes. An oxidative burst occurs in the pad3-1 mutants in response to a pathogenic attack and then signal molecules such as ROS are produced. However, most of the genes induced by inoculation in Col-wt plants, including 543 genes shown in Fig. 2A , were not induced in pad3-1 mutants (Fig. 4A, B, 5C ), although some genes were strongly expressed, such as PDF1.2 (RAFL06-82-G15), GST (ERD11), AIG2 (RAFL03-06-B14) and Hevein-like (RAFL04-16-I15) (Fig. 5D) . Furthermore, most of 543 genes shown in Fig 2A were also contained in Fig. 5C . The expression profile of the genes showed an increase in mRNA with a peak at 24 hpi in Col-wt. In other words, when the HR pathway is activated in Col-wt plants, the ROS and/or other defense responses activated by ROS increased causing cell death, production of camalexin and accumulation of defense gene transcripts. In pad3-1 mutants, not only production of camalexin but also accumulation of many defense-related transcripts were not shown, although ROS were produced by the inoculation with A. brassicicola (Fig. 4, 5) . No causal connection between occurrence of ROS and expression of many defense-related genes has been demonstrated in pad3-1 mutants inoculated with A. brassicicola.
The production of camalexin in response to pathogen challenge is not regulated directly by SA, JA or ET Last 1996, Thomma et al. 1999b) . In other words, treatment of Arabidopsis plants with SA, JA or ET does not increase camalexin production Last 1996, Thomma et al. 1999b ). The chemicals that are able to induce camalexin production are paraquat, generating superoxide anion (Bowler et al. 1992 ) and acifluorfen, generating reactive singlet oxygen (Duke et al. 1991) . This finding may implicate the involvement of ROS in the induction of camalexin biosynthesis genes (Zhao et al. 1998 , Thomma et al. 1999b . Therefore, the results suggest that expression of PAD3 gene is induced on the ROS signaling pathway (Thomma et al. 1999b ). On the other hand, a jasmonate-insensitive mutant (coi-1) is also susceptible to A. brassicicola (Thomma et al. 1999b) . However, the coi-1 mutant accumulated camalexin by the inoculation with A. brassicicola (Thomma et al. 1999b ). These results indicate that camalexin is not the only factor for pathogenecity to A. brassicicola in Arabidopsis plants.
SA-dependent signaling is not required for full resistance to either A. brassicicola or Botrytis cinerea. On the other hand, JA-dependent signaling is necessary for resistance to A. brassicicola, and both JA and ET mediated the resistance to B. cinerea , Thomma et al. 1999a , Thomma et al. 1999b ). We also suggest that pad3-1 mutant treated with JA or ET is resistant to A. brassicicola (data not shown). Certainly, many genes were induced by JA-and/or ET treatment (Table 1 , Fig. 4) . In this study, we present genetic evidence for the strict requirement of SA, JA and ET signaling pathways for the induction of pathogen-responsive genes by cDNA microarray. Some of genes expressed by the inoculation with A. brassicicola were co-induced by SA, JA and ET treatments (Table 1 , Fig. 4) . The interaction between SA-, JA-and ETdependent pathways may allow plants to modulate the relative amount of the SA-, JA-and ET-inducible defense response to a specific stress. Although SA, JA and ET activate distinct signaling pathways, the SA-, JA-and ET-dependent pathways interact, and this extensive crosstalk influences the magnitude or amplitude of other pathways (Seo et al. 1997 , Shah et al. 1999 , Rao et al. 2000 . These findings showed that SA-, JA-and ET-dependent pathways act dependently. Fig.  4 also showed a peak of transcripts at 24 hpi in Col-wt plants and at 48 hpi in pad3-1 mutants. In addition, transcripts at 24 hpi in Col-wt plants were much larger than those in pad3-1 mutants at 24 hpi. Furthermore, profiles of group E and F genes in Fig. 5 showed that the expression of these genes was slower in pad3-1 mutants than in Col-wt plants. Therefore, one possible explanation is that hypothetical signals skip over defense pathways downstream of PAD3, which are mediated by SA, JA and ET, and then rapidly activate defense-related genes. In other words, it can be speculated that pad3-1 mutant cannot transfer the defense signals to the next step in the defense pathway in HR. Therefore, the pad3-1 mutation alters both the accumulation of camalexin and expression timing of many defense-related genes in response to the challenge with A. brassicicola. The differences cause enhanced susceptibility to A. brassicicola in pad3-1 mutants. Analysis of pathogen stress down-regulated as well as pathogen stress up-regulated genes is important in the understanding of molecular responses to pathogen attack. Among down-regulated genes in plants inoculated with pathogens, we found many photosynthesis-related genes such as ribulose 1,5-bisphosphate carboxylase small subunit (rbcS), chlorophyll a/ b-binding protein (cab), and the components of photosystem I and II. These results are consistent with the previous report that pathogen stress inhibits the expression of genes induced in photosynthesis (Schenk et al. 2000) . These results suggest that plants that permitted infection of fungus reduce some metabolic functions and can no longer repair cell damage.
In the present study, we identified 734 pathogen-inducible genes. These results show that full-length cDNA microarray analysis is a powerful tool for identifying the pathogen stressinducible genes. The functions of the many pathogen stressinducible genes we identified are unknown. It is important to analyze the function of these genes not only for elucidating the molecular mechanisms of disease tolerance and response of higher plants but also for improving the disease tolerance of crops by gene manipulation.
Materials and Methods
Plant materials, stress treatments and RNA isolation Arabidopsis thaliana (Columbia ecotype) was germinated and grown on germination medium (GM) containing Murashige and Skoog salts, 2% sucrose (WAKO, Osaka, Japan) and 0.8% Bacto-agar (Difco, Detroit, MI, U.S.A.). The plants were grown for 3 weeks in a growth chamber at 22°C under a 16 h-light/8 h-dark cycle. A. brassicicola (isolate O-264) obtained from H. Otani (Tottori University, Tottori, Japan) was grown on agar plates containing clarified V8 vegetable juice (Campbell Soup Co., Camden, NJ, U.S.A.). For inoculation, the plant was sprayed with a spore suspension (5×10 5 spores ml -1 in distilled water) of A. brassicicola. The plants were then placed in the growth chamber at 22°C under a 16 h-light/8 h-dark cycle and kept at a high humidity. Control plants were sprayed with distilled water instead of the fungus. For the treatment with SA, plants were sprayed with a 5 mM solution. The plants were sprayed with 20 mM rose bengal or 25 µM paraquat. UV-C irradiation (1 kJ) was supplied by a UV crosslinker (Stratagene). The plants were then placed in a growth chamber at 22°C under a 16 h-light/8 h-dark cycle. For JA and ET treatments, plants were transferred and grown hydroponically in distilled water containing 200 µM methyl jasmonate and 1 mM ethephon, respectively, at 22°C under dim light. The control plants were grown hydroponically in distilled water without the chemicals. The plants were subjected to the stress treatments for various periods and then frozen in liquid nitrogen for further analyses. Total RNA was prepared using TRIZOL Reagent (Life Technologies, Rockville, MD, U.S.A.), and mRNA was prepared using an mRNA isolation kit (Miltenyi Biotec, CA, U.S.A.).
The pad3-1 mutant line was obtained from Arabidopsis Biological Resource Center (ABRC). This mutant is derived from the Columbia ecotype.
Full-length cDNA microarray analysis
Full-length cDNA microarray analysis was carried out essentially as reported previously (Seki et al. 2001 , Seki et al. 2002 . In this study, we used an Arabidopsis full-length cDNA microarray containing ca. 7,000 Arabidopsis full-length cDNAs and drought-inducible genes, RD and ERD.
Data analysis
For the microarray data analysis, image analysis and signal quantification were performed with a QuantArray version 2.0 (GSI Lumonics, Oxnard, CA, U.S.A.). Background fluorescence was calculated on the basis of the fluorescence signal of the negative control genes (the mouse nicotinic acetylcholine receptor epsilon-subunit (nAChRE) gene and the mouse glucocorticoid receptor homolog gene). Genes showing a signal value <1,000 in both Cy3 and Cy5 channels were not considered for the analyses. The expression of genes showing a signal value <4,000 were not also detected by RNA gel blot hybridization. The λ control template DNA fragment (TX803; Takara, Kyoto, Japan) was used as an external control to equalize hybridization signals generated from different samples. Gene-clustering analysis was performed with Genespring (Silicon Genetics, San Carlos, CA, U.S.A.).
RNA gel blot analysis
Isolated total RNA was also used for RNA gel blot hybridiza-tion. The isolated total RNA was denatured with a mixture of 2.15 M formaldehyde and 50% formamide, and then fractionated by electrophoresis on a 1.0% agarose gel that contained 2.2 M formaldehyde according to the protocol described earlier (Maniatis et al. 1982) . Then it was capillary transferred to a nylon membrane using 20× SSC. The membrane was probed with DIG-labeled antisense RNAs prepared by in vitro transcription using an RNA transcription kit (Roche Molecular Biochemicals, Mannheim, Germany) according to the manufacturer's protocol. The nylon membranes were washed twice with the mixture of 2× SSC and 0.1% SDS for 5 min at room temperature, then twice with the mixture of 0.1× SSC and 0.1% SDS for 15 min at 68°C and subjected to detection of DIG-labeled RNA probes using the DIG Chemiluminescent Detection Kit (Roche Molecular Biochemicals, Mannheim, Germany).
Microscopy
For inoculation of Arabidopsis plants with A. brassicicola, two to four 5 µl drops of a suspension of 5×10 5 spores ml -1 of water were placed on each leaf of 30-to 33-day-old plants. The inoculated plants were kept at 22°C for 5-48 h in a moist chamber. The microscopic lesions and fungal hyphae were visualized by staining infected leaves according to the method described by Vogel and Somerville (2000) . Leaves were cleared in alcoholic lactophenol (1 volume of phenol : glycerol : lactic acid : water (1 : 1 : 1 : 1, v/v/v/v) and 2 volumes of ethanol) and then rinsed with lactophenol. The leaves were stained with 250 µg ml -1 trypan blue in the lactophenol solution. The tubes with samples were placed in a boiling water bath for 2 min and allowed to cool for 1 h. The leaves were destained in lactophenol for 1 h. The samples were mounted in 50% glycerol and examined under bright-field illumination.
For detection of H 2 O 2 , endogenous peroxidase-dependent in situ histochemical staining using 3,3-diaminobenzidine (DAB) was performed according to the method of Rusterucci et al. (2001) . Leaves of 4-week-old plants were inoculated with a 5 µl droplet of an A. brassicicola spore suspension placed on the leaf surface. Leaves were then excised and kept in a solution of 1 mg ml -1 DAB for 8 h in the dark. Subsequently, the DAB solution was replaced with water, and leaves were maintained under the same condition as before. The leaves were cleared in a solution of EtOH : acetic acid (96 : 4, v/v) . The material was mounted on a slide glass in 50% glycerol and examined using a light microscope.
